Abstract | Metastatic tumours involving the brain overshadow primary brain neoplasms in frequency and are an important complication in the overall management of many cancers. Importantly, advances are being made in understanding the molecular biology underlying the initial development and eventual proliferation of brain metastases. Surgery and radiation remain the cornerstones of the therapy for symptomatic lesions; however, image-based guidance is improving surgical technique to maximize the preservation of normal tissue, while more sophisticated approaches to radiation therapy are being used to minimize the long-standing concerns over the toxicity of whole-brain radiation protocols used in the past. Furthermore, the burgeoning knowledge of tumour biology has facilitated the entry of systemically administered therapies into the clinic. Responses to these targeted interventions have ranged from substantial toxicity with no control of disease to periods of useful tumour control with no decrement in performance status of the treated individual. This experience enables recognition of the limits of targeted therapy, but has also informed methods to optimize this approach. This Review focuses on the clinically relevant molecular biology of brain metastases, and summarizes the current applications of these data to imaging, surgery, radiation therapy, cytotoxic chemotherapy and targeted therapy.
Introduction
Among the many undesirable effects of systemic cancer is metastatic spread to the brain, with subsequent deleteri ous effects on many critical functions controlled by this organ. Indeed, brain metastasis is an indicator of poor prognosis and nearly always determines a fatal outcome in patients with solid cancers. Currently, no effective measures are available to reliably prevent this event; therefore, intense vigilance for relevant symptoms is necessary to detect early involvement of the brain due to cancer metastases. Early confirmation of brain metastasis is critical to enable intervention to minimize i rreversible damage of the nervous system. Selective use of radiation therapy and surgery are the mainstay treatment for the management of many meta static lesions in the brain, particularly if they become symptomatic; however, these modalities have many limi tations depending on the location and characteristics of the tumour (Box 1), and owing to acute and delayed adverse effects. Efficacious therapies that can be admin istered systemically to avoid such pathological effects on the brain are scarce, due in part to limitations on brain uptake imposed by the blood-brain barrier (BBB). Nonetheless, gadolinium enhancement of MRI scans reveals that this barrier is incompetent in most brain metasta ses. The incorporation of targeted therapy in the systemic management of cancer has produced remarkable success, mainly at extracranial sites. Furthermore, innova tive approaches such as pulse dosing and direct intra tumoural delivery hold great promise in the t herapeutic management of brain metastases.
This Review provides an overview of current manage ment modalities for brain metastases, with particu lar emphasis on therapies that specifically target the key biological mechanisms involved in cancer develop ment and treatment resistance. The epidemio logy, biology and diagnosis of brain metastases, factors which are relevant to the management of this condition, are also discussed.
Epidemiology of brain metastases
The estimated prevalence of new brain metastases in the USA is between 7-14 persons per 100,000 based on population studies. On the basis of an official census of nearly 310 million people in the USA, 1 the expected inci dence of newly diagnosed patients with brain meta stases is estimated to be between 21,651 to 43,301 per year. 2 Furthermore, as the US population increased from 285 million people in 2000 to 310 million in 2010, 1 the preva lence of metastases to the brain is expected to continue to increase in the future. Indeed, in a survey of Swedish individuals hospitalized from 1987 through 2006 and published in 2009, 3 the annual ageadjusted incidence of hospitalization for brain metastases doubled from seven to 14 cases per 100,000 admissions. Interestingly, the primary cancer sites associated with brain metastases have varied over the past decades, reflecting underlying cancer incidence and mortality patterns. For example, in a com parison of patients with brain metastases treated in the years 1983-1989 versus 2005-2009 (n = 103 per cohort), Nieder et al. 4 found a reduced incidence of primary lung cancers (52% versus 40%), an increased frequency of mela nomas (5% versus 9%) and substantial increases in the number of patients with primary colorectal and kidney cancers (8% versus 24%), whereas breast cancer cases remained stable (17%). The global prevalence of brain metastases in patients with cancer is probably around 8.5-9.6%. 5, 6 On the basis of data from patients recorded in the Metropolitan Detroit Cancer Surveillance System between 1973 and 2001, the most common primary tumours responsible for brain metastases are lung cancer (19.9%), melanoma (6.9%), renal cancer (6.5%), breast cancer (5.1%) and colorectal cancer (1.8%). 6 The true prevalence of brain metastases, however, might be far higher than reported in these surveys; asymptomatic brain metastases can go undetected, and symptomatic brain metastases might not be reported in patients with widespread metastatic disease. 7 A high prevalence of undetected lesions was suggested in histori cal autopsy series, 8, 9 which identified brain metastases in 15-41% of patients with known primary cancers at the time of death, although lower estimates have been reported in similar studies. 10 Moreover, brain meta stases were identified in 40% of patients with melanoma, 8 and in 16-30% of patients with breast cancer in whom autopsies were performed. 11 These numbers far exceed those published in the aforementioned populationbased studies. 5, 6 From an epidemiological standpoint, the low rate of postmortem autopsies performed in patients who died with malignant diseases, which currently stands at <5%, 7 poses a challenge to future studies that aim to track the prevalence of brain metastases in patients with cancer.
Several hypotheses have been proposed to explain the reported increase in the incidence of brain metasta ses over the past decades. Certainly, improvements in imaging technologies during this period have led to increased detection of metastatic lesions; powerful neuro imaging modalities have become widely available and used in the detection of brain metastases, particularly MRI, which is presently used to assess approximately 64% of patients with cancer versus 2% 20 years ago. 4 Another probable contributory factor is the global increase in cancer prevalence that has occurred during this time, and in particular those that have a pre dilection to metastasize to the brain, such as lung cancer. 12 Improvements in the survival of patients with cancer due to earlier detection and improved treatment are also suggested to play a part in the increased incidence of brain metastases, and might have an increasingly prominent role as the incidence rates of breast and lung cancer now seem to be declining. 13, 14 The net effect of these phenom ena is a rising number of individuals in the population atrisk of the development of brain meta stases. 3 The wipespread introduction of targeted therapies that have limited bioavailability in the brain might also have resulted in an iatrogenic increase in brain metastasis. For example, the monoclonal anti body trastuzumab is effective in the treatment of HER2 positive breast cancer; however, this targeted biological therapy has a limited capacity to enter the central nervous system (CNS) and therefore low efficacy therein, 15, 16 and an observed increase in brain metastases in trastuzumab treated patients has led to the suggestion that this agent might make the CNS a potential 'sanctuary' site for meta static disease. 7 All of these factors likely contribute to the observed increase in incidence of brain metastases. 17, 18 The biology of brain metastases
Knowledge of the biology of brain metastasis is essential for the development and optimization of therapies for this disease. Various aspects of brain tumours have been identified as key factors in this regard, as detailed in the following sections.
The relevance of astrocytes In 2011, Eichler et al. 19 published an elegant Review on the biology of brain metastases in this journal. In this Key points ■ An increased understanding of the molecular biology of metastatic processes, including cell migration, blood-brain barrier penetration, angiogenesis and tumour proliferation, is providing new opportunities for the development of targeted therapies ■ Advances in MRI, incorporating spectroscopy and perfusion techniques, and tracers unique to metastases, provide additional information on responses to treatment and enable the earlier detection of new tumours ■ Improvements in intraoperative tumour identification using MRI and fluorescent agents maximize the likelihood of complete tumour resection and minimize injury to normal tissue ■ Reduction of radiation-induced cerebral injury and cognitive decline through repeated use of stereotactic radiosurgery or hippocampal-avoidance wholebrain radiotherapy provide useful options for individuals with advanced cerebral metastatic disease ■ Targeted therapy is beneficial in molecularly-selected tumours, including erlotinib in EGFR-mutant lung tumours, crizotinib in lung carcinomas with EML4-ALK translocations, trastuzumab in HER2 + breast cancer and dabrafenib in BRAF-mutant melanoma
Box 1 | Surgery versus SRS for brain metastasis
Surgery with or without WBRT* can be considered in tumours with the following characteristics: ■ Mass effect (particularly relevant for metastases in the posterior fossa)
Review, 19 the inefficient escape of cancer cells from a primary tumour site and colonization of the CNS was described. Nevertheless, the brain microenvironment, including brain vascular endothelial cells and stromal cells (microglia and astrocytes), provides growth and invasion advantages to the disseminated tumour cells. 20, 21 In elegant preclinical models, the normal neuro protective role of activated astrocytes was shown to extend to metastatic brain tumour cells in vitro after exposure to chemotherapeutic agents. 20, 22 Astrocytes are intimately involved in maintaining normal homeostasis of the brain microenvironment, accomplished through transport of nutrients to the neurons and facilitation of neural signal transduction. These mechanisms, usually deployed by activated astrocytes to protect injured neurons from apoptosis, could be coopted to protect tumour cells in brain metastases from the cytotoxic effect of chemotherapeutic agents. 20, 21 Moreover, activated astrocytes also induced upregulation of survival genes, such as GSTA5, BCL2L1 and TWIST1, in co cultured tumour cells, which was associated with increased resistance to chemotherapy in vitro. 22 Thus, strategies targeting astrocytes or astrocytemediated tumour cell processes might have therapeutic potential in preventing or treating brain metastasis.
The importance of angiogenesis
The growth of metastatic brain tumours is critically dependent on angiogenesis, and thus therapies target ing this process might be important in the management of brain metastasis. Disordered angiogenesis results in structural and functional abnormality of tumour associated blood vessels, characterized by defective endothelial cells, pericyte covering and basement mem branes. 23, 24 These abnormalities can directly restrict the delivery of oxygen, leading to intratumoural hypoxia. Impaired efficacy of systemically administered anti cancer therapeutics and agents used in radiation therapy due to limited perfusion of the cancer tumour bed and thus exposure to the drug, might lead to the establish ment of functional sanctuary sites that enable the growth of cancer cells. 25 Accordingly, the use of antiangiogenic therapies might be expected to decrease the efficacy of cytotoxic therapies; however, the opposite effect has in fact been reported, probably through 'normalization' of the disordered blood flow and reduced interstitial pressure within the tumour bed. Although the precise physio logical mechanism by which antiangiogenic therapy enhances efficacy of other antitumour agents is not entirely clear, such normalization of tumour perfu sion (and thus alleviation of hypoxia) are postulated to underlie this effect. 26 Indeed, VEGFR2 blockade has been shown to result in a critical period of blood flow normal ization, during which this approach optimally potentiates the effect of radiation therapy. 27 This window of oppor tunity is characterized by an increase in tumour oxy genation, increased pericyte coverage of intratumoural vessels-mediated via upregulation of angiopoietin1 (Ang1)-and basement membrane degradation via acti vated matrix metalloproteinase enzymes. 27 In a phase II clinical trial in primary glioblastoma, 28 the panVEGFR smallmolecule inhibitor, cediranib, combined with chemoradiation, improved tumour perfusion in a subset of patients. The increased perfusion of cancer tissue was associated with increased tumour oxygenation, which in turn correlated with changes in relevant angiogenic bio markers, such as plasma levels of placenta growth factor (PGF) and soluble VEGFR2. 28 Importantly, overall sur vival improved in this patient subset compared with the population with no improvement in tumour perfusion. 28 Although these data are from patients with primary brain tumours, the biological mechanism elucidated might be pertinent to cerebral metastatic disease.
In a preclinical brain metastases model of HER2 amplified breast cancer based on orthotopic xenografting of human BT474 cells in mice, extracranial disease was successfully controlled using the HER2 inhibitors trastu zumab (an antiHER2 monoclonal antibody) or lapatinib (a tyrosine kinase inhibitor [TKI] that targets the EGFR and HER2), but these agents did not halt tumour growth in the brain. 29 The addition of antiVEGFR2 antibodies to the therapeutic protocol led to better control of tumour growth in the brain and improved survival, especially with combined lapatinib, trastuzumab and antiVEGFR2 antibody treatment. 29 In this instance, the therapeutic benefit of antiangiogenic therapy seemed to be mani fested primarily as a reduced total and functional micro vascular density and a marked increase in necrosis. 29 The clinical promise of this strategy was demonstrated in a phase I study 30 in 26 patients with breast cancer who were treated with the combination of trastuzumab, lapa tinib and the VEGFA inhibitor bevacizumab, with six of the 10 patients who had brain metastasis achieving p rolonged stable disease lasting 6 months or more.
Cancer cell phenotypes in brain metastasis
Although our understanding of the biological changes in the tumour environment continues to expand, much remains to be learned about the specific mechanisms and characteristics of cancer cells that drive and/or facili tate colonization of the CNS. Further efforts focusing on identification and characterization of the molecu lar genetic underpinnings of CNS metastases are still needed, and are likely to lead to new opportunities for drug development in both the adjuvant and prophy lactic settings. In this regard, Zhang et al. 31 character ized circulating tumour cells (CTCs) from patients with breast cancer and identified a predictive signa ture for cancer cells with increased capacity for brain involvement, including a lack of expression of epi thelial cell adhesion molecule (EpCAM) and positiv ity for HER2, EGFR, hepa ranase (HPSE) and Notch1 expression. Using a different approach, Bos et al. 32 characterized the geneexpression profiles of brain infiltrating cancer cells from patients with metastatic breast cancer and identified prosta glandin G/H syn thase 2 (also known as c yclooxygenase2 [COX2]), the EGFR ligand heparin binding EGFlike growth factor (HBEGF), and ST6GalNAc5, as medi ators of cancer cell breach of the BBB. Future studies are now required to investigate the potential relevance of these findings to the t herapeutic management of brain metastases.
MRI in diagnosis of brain metastases
Efficient detection of brain tumours early in the course of the disease is important to enable effective treatment to be provided, and advances in MRI have improved the identification of these brain metastases. Using MRI, multiple brain metastases are often visualized on contrastenhanced T1weighted images. Nonetheless, a solitary metastasis is not uncommon and can have some similarities in appearance to highgrade gliomas, such as evidence of central necrosis. Two major advances in MRI technique have been shown to produce data that enables differentiation between metastatic and primary tumours: magnetic resonance spectroscopy (MRS) and perfusionweighted imaging (PWI). MRS character izes regions of brain based on the abundance of specific metabolites. Spectra from MRS analyses of tumours differ from those characteristic of normal brain tissues; cancer tissues have increased levels of choline-a marker of cell p roliferation-and decreased levels of the neuronal biomarker Nacetylaspartate (NAA). 33 In addition, PWI derived relative cerebral blood volume (rCBV) measure ments can be used to identify and quantify areas of neovascularization within the brain. Although choline to NAA ratios and rCBV values are similar in high grade gliomas and brain metastases themselves, these character istics are markedly different in the peritumoural region that lies outside the contrastenhancing margins of these tumours. Whereas highgrade gliomas have a highly infiltrative nature, and thus have peritumoural regions containing infiltrating tumour cells, the tissues surrounding brain metastases usually contain no infiltrat ing cancer cells. 34 As a result, the choline to NAA ratio in the peritumoural region of highgrade gliomas is typically substantially higher than normal brain, facilitating differ ential diagnosis of such tumours from brain metasta ses, the peritumoural regions of which have almost the same choline and NAA levels as normal brain. 35 Similarly, the rCBV of peritumoural regions in highgrade glioma is higher than that of normal brain tissue, whereas rCBVs of peritumoural tissues associated with brain metastases and normal brain tissue are comparable. 35, 36 Importantly with regard to therapeutic intervention, techniques that promise to improve the early detection of metastatic brain tumours are currently being developed in vivo. For instance, in a mouse model of small meta static breast tumours, infusions of recombinant human tumour necrosis factor (TNF) has been reported to induce selective permeabilization of the BBB to imaging tracers at sites of brain metastases. 37 This method enabled the detection of smaller tumours than are currently visu alized using standard imaging techniques. 37 Of note, this approach increased the delivery of radiolabelled trastu zumab to metastatic lesions, whereby this biological agent is excluded without prior administration of TNF, 37 suggesting applicability to therapy as well as diagnosis. Furthermore, human brain metastases shared similar, predominantly vascular, TNF receptor expression with tumours from mice, implying that clinical translation of this technique might be feasible. 37 MRI using antibodies targeting vascular cell adhesion molecule1 (VCAM1) conjugated to microparticles of iron oxide has also been shown to enable early detection of metastatic brain tumours in two mouse models; 38 this conjugate could be detected in tumours as early as the 1,000cell stage. VCAM1 was chosen as the targeted delivery vehicle due to its presence on endothelial cell membranes in devel oping tumourassociated blood vessels. Importantly, this approach could be clinically relevant, as pathology specimens from human metastatic brain tumours were found to have increased expression of VCAM1 in vessels adjacent to even a monolayer of tumour cells, with the authors concluding that this methodology might enable the detection of metastases two to three orders of magni tudes smaller than is currently possible (0.3-3 × 10 5 cells rather than 10 7 -10 8 cells). 38 Nevertheless, further investi gation and development of these technologies is needed to prove their safety and feasibility in humans.
Brain metastases-surgical management
Historical and current concepts Advancements in neuroanaesthesia, instrumentation and imaging technologies, as well as improvements in stand ard tools, such as the operating microscope, now enable neurosurgeons to perform surgery more safely than ever before. Indeed, in 2010, the first evidencebased compen dium for the treatment of patients with brain metasta ses published a level 1 recommendation for surgical resec tion combined with radiation therapy to prolong life in relatively young patients with good functional status and a newly diagnosed solitary brain metastasis. 39 Prior to this formal guidance on the utility of surgery in patients with brain metastases, the benefits of this therapeutic option had been established in many studies. In 1990, Patchell et al. 40 published a definitive study reporting that surgery followed by radiation therapy yielded a median survival of 40 weeks compared with 15 weeks in patients who received radiation alone. Shortly thereafter, Vecht et al. 41 demonstrated a 4month survival advantage for patients undergoing surgical resection in combination with radi ation therapy compared with those receiving radiation therapy alone. Although no evidence from randomized controlled trials exists in support of surgery for multiple or recurrent metastatic lesions in the brain, a number of thorough retrospective studies and welldesigned prospec tive studies have investigated the effect of surgery on survival in such cases. 39, 42, 43 The currently avail able data indicate that resection of all lesions confers a similar survival advantage to resection of a single solitary metasta sis. 43, 44 In cases of recurrent disease a consider able survival advantage, as well as improved quality of life, has been observed with repeat surgical resection. 44, 45 The use of stereotactic radiosurgery (SRS), involving noninvasive ablation of cells using highdose radiation, is an option when conventional surgery is not considered for metastatic brain tumours. The Radiation Therapy Oncology Group (RTOG) 9508 study, 48 published in 2004, showed a survival benefit in patients undergoing SRS and wholebrain radiation therapy (WBRT) com pared with individuals treated with WBRT alone (6.5 months versus 4.9 months); 6month functional scores were also improved in the SRS cohort. 39, 48 In addi tion, Kondziolka et al. 49 reported substantial improve ments in radio graphically assessed control of disease in patients with two to four brain metastases, according to the local failure rate at 1year after treatment with SRS and WBRT (8%) compared with WBRT alone (100%). Notably, no class I evidence from adequately powered, randomized controlled studies comparing SRS to stand ard surgical resection exists, nor is class I data available on the role of resection followed by SRS, although a North American phase III trial relevant to the latter issue is currently underway. 50 The current treatment paradigm describing the use of conventional surgery versus SRS in patients with brain metastasis is summarized in Box 1.
Surgical decision making
Perhaps the most critical aspect of the surgical manage ment of brain metastasis is the decision to proceed with an operation. Careful patient selection based on the current body of evidence is of paramount importance. Currently, class I evidence is available in support of surgi cal resection followed by WBRT in patients with a newly diagnosed solitary brain metastasis, without advanced systemic disease, who spend more than 50% of their time out of bed. 39 Additional surgical considerations include the accessibility and size of the lesion, as well as its rela tive proximity to eloquent brain and the degree of mass effects (pathology secondary to displacement of normal brain architecture by the tumour combined with the severity of biochemical response of the brain to tumour growth and invasion) or hydrocephalus (Box 1); the need for a definitive diagnosis is also an important factor. Thus, the ideal surgical patient would be a relatively young (aged <65 years), medically fit individual in need of a diagnosis, with excellent performance status and limited extracranial disease whose lesion is located in the right frontal pole. The data available on surgical resection of brain metastases, and consequently operative decision making, are less clear in considering an older patient with borderline performance status, multiple medical comorbidities, uncontrolled and/or diffuse extracranial disease, and multiple metastatic lesions located near the dominant frontal operculum and opposite insular region with mass effect upon the ventricular system resulting in hydrocephalus. Therefore, the surgeon must consider how best to maximize the benefits of surgery in each individual patient without causing undue harm.
In the past 5 years, a better understanding of the effect of postoperative complications has also emerged, further underscoring the need to perform surgery as safely as possible. For example, evidence from studies in high grade glioma indicates that a new postoperative neuro logical deficit decreases survival up to 3-4 months, and any substantial postoperative complication negatively affects functional status and the patient's ability to undergo subsequent radiation treatments, both of which are highly important factors in determining survival. 51, 52 At present, a multitude of surgical techniques and adjuncts are available to aid the provision of maximally effective, safe surgery and even more neurosurgical pro cedures are in the development pipeline, as discussed in the following sections.
Incorporation of new surgical techniques
Various advanced techniques and surgical adjuncts aimed at driving down the risk of morbidity and enhancing the benefit of surgery have been introduced into the neuro surgical theatre. Although stereotactic intra operative guidance has been used for three decades, the value of this methodology has progressively grown as it has been integrated with multimodality imaging and advances in computing power, enabling improved 3D volumetric rendering of anatomy and function. 46, [53] [54] [55] [56] At centres for the management of brain tumours, patients now com monly undergo extensive preoperative imaging to provide detailed information that facilitates intra operative naviga tion, including functional MRI, MRS and diffusion tracto graphy, in addition to intra operative MRI (iMRI). [57] [58] [59] [60] [61] [62] iMRI provides valuable information regarding the extent of resection, as well as realtime intra operative feedback that enables compensation for brain shift during longer surgeries for complicated or extensive cases of brain metastasis. 46, 54, 62, 63 Initial studies evaluating the useful ness of iMRI for surgical removal of brain tumours have been confined largely to intrinsic lesions, and have indi cated that surgeons continued resection 38% of the time after iMRI assessment of the completeness of resection following their initial attempt, which underscores the importance of intraoperative imaging in this patient population. 64 The literature suggests at least level 2 evi dence supports the utility of iMRI in improving the extent of resection, survival and quality of life in patients with glioma. 62, 65 Whether this therapeutic value will extend to metastatic brain tumours remains to be determined; however, as iMRI technology becomes more common, this issue will probably be resolved. Taken together, these technologies enable more insightful operative decision making and risk assessment, even as surgeons are in the process of performing surgery. 46, 58, 59, 63 Additional intraoperative techniques within the neuro surgical armamentarium include awake cranio tomy and neurophysiological monitoring for functional assessment during resection, as well as other optical and molecular visualization technologies, including 5 aminolevulinic acid (5ALA) fluorescence or fluorescein staining of malignant tissues within the operative bed. Multiple groups have obtained excellent clinical results using these optical and molecular visualization technologies for intraoperative mapping for resection of centrally located metastatic brain tumours. 60, 61 Feasibility studies have demonstrated that intraoperative confocal micro scopy for histological markers and detection of tumour cells using fluorescein is a practical and useful tool. 66, 67 Future directions of surgical methods In the coming years, routine use of surgical cryo ablation or laserheat ablation techniques, which incorporate realtime thermal feedback within the iMRI suite, will probably improve the stereotactic and minimally inva sive treatment of spherical, wellcircumscribed metastatic tumours in the brain, potentially obviating the need for radiation therapy for some lesions. Other molecular imaging technologies hold a great deal of promise, includ ing Raman spectroscopy, a technology that can enable identification of brain tumour cells in vivo according to their molecular polarization potential. 68 When used as an intraoperative probe device, this technology is sensi tive enough to distinguish between areas of normal brain, brain tissues undergoing invasion by tumour cells and brain tumour tissue. 68, 69 Thus, one can envision this technology augmenting tumour surgery, subsequently leading to maximally safe, efficacious resection, or even automated targeted cancer cell destruction via focused ultrasound or other modalities. In addition, two clinical trials 70, 71 have been completed (with final results pending), and up to eight more studies are actively recruiting, in an effort to determine the utility of intraoperative 5ALA fluoresencebased guidance in safely maximizing the extent of resection in brain tumour surgery.
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Radiation therapy
Whole-brain radiation therapy WBRT has historically been used as the primary non surgical therapeutic modality for the treatment of brain metastasis (previously reviewed elsewhere 80 ). This trend was due, in part, to the limited chemotherapeutic options demonstrated to be efficacious. On the basis of a recur sive partitioning analysis of data from patients treated between 1979 and 1993 on previous RTOG protocols, even patients with brain metastasis who had the best prognosis had a median survival of only 7 months after WBRT alone. 81 However, with improvements in sys temic therapies for a variety of cancers, patient survival has now increased, even among those with metastatic disease. 82 In this context, WBRT alone is increasingly found to be inadequate in the longterm control of brain metastasis. In addition, with these improved out comes, many patients in whom control of brain disease is achieved with WBRT are surviving to experience the considerable neurocognitive sequelae and declines in quality of life that are associated with this treat ment. 83 The classic neuro cognitive toxicity associated with WBRT in adults is a moderatetosevere demen tia that occurs several months to years after treatment. DeAngelis et al. 84 observed a 2-5% incidence of severe dementia in populations of patients who had undergone WBRT (with or without surgical resection) for brain metastases, although these authors estimated that a markedly higher incidence of dementia would have been found if lesssevere cases of neurological decline were also included. An early neurocognitive decline, predomi nantly in verbal memory, occurring 1-4 months after WBRT has also been described. 85 The degree of neuro cognitive decline in patients with brain metastasis can be further confounded by the effects of metastasis at presen tation or recurrence and therapeutic interventions (that is, chemotherapy) on cognitive function.
Combination with systemic therapies
WBRT and chemotherapy
The latest innovations and ongoing research on the use of radiation therapy for brain metastases are mainly aimed at exploring either adjuncts that can improve the control of brain disease with radiation, or strategies to limit the neurocognitive sequelae of WBRT. With regard to the latter approach, multiple RTOG studies evaluating dose escalation with altered WBRT fractionation schemes have not proven such approaches to be of benefit in patients with brain metastasis. 86, 87 However, other means of increasing local control of brain metastatic lesions and improving survival in selected patients using WBRT have proven more success ful. In patients with a solitary brain metastasis, random ized studies have demonstrated improved overall survival when either surgery 40, 88 or SRS 46 is combined with WBRT. Although these local therapies combined with WBRT could be beneficial for properly selected patients with a limited number of brain meta stases, a substantial proportion of such patients would not qualify for these a ggressive approaches due to location, size and/or number of m etastases in the brain, or other oncological or medical issues. Although different chemotherapies can penetrate the BBB to varying extents and have been evaluated in combi nation with WBRT for treatment of brain metastases, the therapeutic benefits of these agents in this context have been largely disappointing; the lipid soluble alky lating agent temozolomide, which can cross the BBB freely, has been combined with WBRT in phase II trials, [89] [90] [91] [92] but provided limited or no benefit compared with WBRT alone. Combining biologically targeted agents with brain irradiation might represent a more promising approach because of reduced normal tissue toxicity compared with approaches using nontargeted agents. However, the efficacy of this approach will probably vary depending on whether therapeutic concentrations of the particular agent used can be achieved within the brain.
WBRT and targeted treatments
Advantages of combining WBRT with targeted drugs, rather than traditional chemotherapies, could include potentially decreased toxicities and the opportunity for a biomarkerdriven approach to disease management. An example of this approach was reported by Welsh et al. 93 using the EGFR inhibitor erlotinib in combination with WBRT in the treatment of patients with brain meta stases associated with nonsmallcell lung cancer (NSCLC). In this phase II study, 93 in which 40 patients completed the WBRT and erlotinib therapeutic regimen, the toxi city profile was acceptable-with no reported increase in neurotoxicity-and the median survival time was promising (11.8 months), with a median followup of 28.5 months in patients remaining alive at com pletion of the study. Interestingly, although a known EGFR status was not required for entry into this study, in the 17 patients with a known EGFR status, median survival times were 9.3 months in those with wildtype EGFR and 19.1 months in those with mutant EGFR. 93 Conversely, data from the RTOG 0320 trial 94 demonstrate no benefit of the addition of temozolomide or erlotinib to WBRT and SRS in patients with NSCLC and one to three meta static lesions in the brain (Table 1) , and in fact suggested better outcomes in the control arm (WBRT and SRS). However, allocation of treatment in this study was not biomarkerdriven and the trial was severely under powered, with much better outcomes in the control arm than would be expected based on the results of previ ous studies. 48, 94, 95 Further studies with various chemo therapies and targeted therapies should begin to define in what circumstances and according to which protocols such approaches can be combined with brain irradiation to optimally treat patients with brain metastasis.
WBRT and/or SRS? Improvements in systemic therapies are prolonging the survival of patients with brain tumours, 82 who there fore have a greater temporal risk of experiencing major neuro cognitive decline if they are treated with WBRT. To avoid such toxicity issues, SRS alone has been advo cated in patients with better prognosis and a limited number of metastases. 96, 97 Two randomized studies 95, 98 have demon strated that such patients (populations with either one to three or four lesions) receiving SRS alone had a similar survival to patients who received WBRT and SRS. A series of metaanalyses of randomized c ontrolled studies that investi gated WBRT and SRS con firmed that WBRT did not enhance overall survival in patient with a limited number of brain metastases (up to four); 99 however, reduced local and distant control of brain metastasis was observed after treatment with SRS alone compared with WBRT and SRS. 99 Indeed, as might be expected, patients treated with SRS alone do experi ence increased recurrences of metastasis elsewhere in the brain, but salvage with either repeat SRS or WBRT results in survival comparable to initial treatment with WBRT and SRS. 99 With respect to neurocognitive and performance outcomes, studies have demonstrated a considerable improvement in the preservation of neurocognitive function and performance status in patients treated with SRS alone compared with WBRT and SRS. [98] [99] [100] A randomized study by the European Organisation for Research and Treatment of Cancer (EORTC) further supports the validity of using local therapy only (SRS or surgery) versus local therapy combined with WBRT in patients with one to three brain metastases, demonstrat ing no improvement in overall survival with the addition of WBRT. 101 Of note, patients in the WBRT arm of the EORTC trial scored markedly worse on healthrelated qualityoflife measures, both at early and late time points after treatment. 95 Pooled results from three ran domized trials 98, 100, 102 (comprising a total of 364 patients) have now been reported in abstract form 103 and, in fact, revealed an apparent survival advantage in younger patients (<50 years) treated with SRS alone compared with WBRT and SRS; the reason for this surprising result is not entirely clear at this time. At present, the use of SRS alone in patients with more than three metastatic lesions in the brain can be considered, although routine use of this approach in such instances will require validation in additional randomized controlled trials. 104 Although these findings argue against WBRT for patients with a limited number of brain metastases (fewer than 4), this treatment is still warranted in certain situ ations. For example, Slotman et al. 105 reported improved overall survival, but no change in global health status, in patients with smallcell lung cancer (SCLC) randomly assigned to receive prophylactic cranial irradiation (PCI) versus no PCI. However, the use of PCI is not supported in the treatment of locally advanced stage III NSCLC based on the results of the RTOG 0214 trial, 106 which found no difference in overall survival in patients ran domized between the PCI with standard therapy (surgery and/or radiation therapy with or without chemotherapy) cohort and the observation cohort who received stand ard therapy only, despite a marked decrease in the rate of brain metastasis at 1year follow up in the patients who underwent PCI. In addition, even the lower doses of WBRT (30 Gy in 15 fractions) used in this study resulted in considerable declines in memory, 106 as measured using the Hopkins Verbal Learning Test (HVLT), a validated neurocognitive instrument with good sensitivity. 107 For cases in which WBRT is warranted, reduction of the neurocognitive sequelae of this therapy might be pos sible, and indeed pharmacologic intervention has been explored as a means of preserving neuro cognitive func tion after WBRT. RTOG 0614, a randomized phase III study, evaluated the neurocognitive outcomes in patients with brain metastasis treated with WBRT with or without memantine, a drug that blocks Nmethyldaspartate (NDMA)type glutamate receptors and is used to treat moderatetosevere Alzheimer disease. In this study, >500 patients were randomized into two wellbalanced cohorts, with substantially reduced decline in a number of neuro cognitive para meters observed in the WBRT plus meman tine arm in comparison with the WBRT plus placebo control arm. 108 Taking a different approach to minimizing the risk of WBRT while maintaining therapeutic benefit, investigators at the University of Wisconsin 109, 110 have pio neered a technique using tomotherapy-which has since been adapted to enable treatment using conventional linear accelerator apparatus-to treat the whole brain while selectively 'underdosing' the bilateral hippocampi, a small volume of brain that harbours active neural stem cells and is believed to be critical for the retention of shortterm memories. These advanced radiotherapy approaches can potentially be used not only to selec tively spare portions of the brain (that is, hippocampi), but might also be adapted to selectively expose known metastatic lesions to higher doses of radiation, possibly improving disease control. Multiple clinical trials using this simultaneous infield boost strategy are currently open to accrual in the USA and Canada. Moreover, the use of hippocampalavoidance WBRT (HAWBRT) has already been tested in a multiinstitutional setting. Preliminary results of the phase II RTOG 0933 trial, 111 based on analysis of data from 100 eligible patients, were recently presented at the 2013 ASTRO annual meeting. 111 The study findings suggested that patients who under went HAWBRT had improved neurocognitive function ing compared with the results expected in comparable patients receiving conventional WBRT, as measured using validated instruments including the HVLT in delayed and total recall. 111 These results highlight the promise of the hippocampal sparing approach to WBRT, but require validation in phase III trials.
Systemic therapy for brain metastases
Patient survival following the development of brain metastasis is typically measured in weeks to months, although considerable variability is observed based on the size, number and location of the metastases, as well as the histological type of cancer involved. Whereas the overall 2year survival rate in patients with brain meta stasis is 8.1%, 2year survival after diagnosis of brain metastasis is less than 2% in patients with SCLC, but as high as 24% in patients with ovarian cancer. 112 Contemporary data from patients with oligometastasis to the brain treated primarily with local surgical or radi ation therapy reveal a more encouraging median overall survival of 16 months from the time of brain meta stasis diagnosis. 113 As mentioned earlier, the proclivity of certain cancer types to spread to the brain is an intrigu ing phenomenon whose biological mechanisms remain to be clarified. The socalled 'seed and soil' hypothesis implicates key biological mechanisms that permit the development of metastatic tumour deposits in the brain. Signalling through HER2, EGFR, HPSE and Notch1 related pathways might mediate specific biological pro cesses important to tumour growth and metastatic spread, including angiogenesis, epithelial-mesenchymal transi tion, anchorage independent growth and resistance to anoikis, as well as resistance to standard therapeutic inter ventions. Other than the use of antiangiogenic agents, the exploitation of these biological processes for therapeutic intervention in the context of brain m etastasis remains mostly limited to preclinical studies. 114, 115 The solid malignancies most frequently associated with brain metastasis are those of the lung, breast and kidney, and melanoma. As outlined above, the estab lished treatment approaches for brain metastasis include surgical resection and radiation therapy, including SRS; at present, no standard cytotoxic chemotherapy exists for the treatment of secondary brain tumours. Instead, the patients in whom the disease is not amenable to local control with surgery or radiation are typically treated using the same cytotoxic chemotherapy employed for the treatment of extracranial disease. Alternatively, cyto toxic agents with good CNS penetration, such as topo tecan, irinotecan, procarbazine, and carboplatin, are also employed for empiric therapy, even in cases in which these agents are not the standard therapy for the primary tumour site.
Improved knowledge of tumour biology has led to the identification of specific molecular drivers of cancer development and progression. Of note, insertions and/or deletions within the EGFR gene and EML4-ALK chro mosomal translocation in lung cancer, BRAF mutation in melanoma, as well as amplification of the ERBB2 gene (encoding HER2) and HER2 protein over expression in breast cancer distinguish wellcharacterized, dis tinct subsets of cancer amenable to unique treatment approaches. Consequently, biologically targeted agents have become established therapies for these subsets of tumours with astounding effectiveness recorded in the clinic. [116] [117] [118] [119] Molecular characterization and tar geted therapy for these solid organ malignancies have important implications for brain metastasis.
Firstly, that specific molecular drivers lead to increased predisposition of cancer cells to invade the CNS is plaus ible. This possibility is supported by the observation that ERBB2amplified breast cancer has a higher propensity to metastasize to the brain. 120 Furthermore, in pre clinical models, deregulated EGFR and HER2 signalling in co operation with activated HGFR (also known as cMet) pathway induce an epithelialtomesenchymal pheno type transition, which can promote increased metastatic potential and higher likelihood of brain involvement. 121 Secondly, the use of targeted agents is generally associ ated with superior efficacy and survival improvement, which has led to the approval of these agents for specific tumour subtypes. Consequently, increased longevity of patients with cancer treated with targeted biological agents might also increase the likelihood of brain meta stasis over the course of the disease. This eventuality might result from failure of the targeted agents to eradi cate micrometastatic deposits in the brain due to limited penetration through the BBB, or because of selective pressure leading to the emergence of treatmentresistant clones with increased capacity for invasion and meta stasis to distant sites. Paradoxically, the limited penetration of some targeted therapies into the brain could result in intracranial metastatic deposits that remain sensitive to these agents, even in the context of the development of drug resistance within the extracranial tumour compart ments. Conversely, exposure of intracranial tumour deposits to subtherapeutic drug concentrations might promote the early development of drug resistance and isolated disease progression in the brain, while the extra cranial disease remains sensitive to treatment. The likeli hood of witnessing any of the aforementioned scenarios in a patient is dependent on several factors, such as the propensity of the specific tumour type to invade the brain, the ability of the therapeutic agent to cross the BBB and the burden of intracranial tumour deposits.
Finally, and most relevant to this discourse, is the pos sibility of incorporating biologically targeted therapy into the management paradigm for brain metastasis in patients whose tumours harbour genetic alterations that render them sensitive to such agents. The emerging role of targeted agents in the treatment of brain meta stasis of solid tumour malignancies are highlighted in the follow ing sections, with particular emphasis on common cancer types, including lung cancer, breast cancer and melanoma, in which brain involvement is frequently observed; coincidentally, these cancers also represent those for which the greatest advance in targeted agents has been made during the past decade.
Brain metastasis in lung cancer
Background clinical biology Metastatic CNS involvement is most frequently associ ated with advancedstage lung cancer. Indeed, studies have suggested around 50% of patients with lung cancer will develop brain metastases at some time during the course of the disease. 122, 123 However, the pathogenetic pathways that underlie metastasis to the brain in lung cancer remain unclear.
The receptor tyrosine kinases have received much attention as mediators of both the initiation and pro gression of lung cancer. Activation of EGFR (via gene amplification, overexpression and/or mutation) can be observed in a large proportion of primary lung cancer cases, and thus this protein is a frontline therapeu tic target (Figure 1 ). With regard to metastasis to the CNS, Sun et al. 124 demonstrated that brain metastases expressed increased levels of EGF and phosphorylated EGFR compared with primary lung tumours derived from the same patients. In addition, Benedettini et al. 125 discovered an associ ation of HGFR expression and phosphorylation with brain metastasis. Similarly to EGF pathway components, HGFR was also found to be enriched in metastatic brain lesions compared with patientmatched primary tumour tissues, implicat ing this pathway in CNS metastasis. 125 Interestingly, activation of the HGFR was shown to promote the EGFRdriven invasive capacity of NSCLCs in vitro, and inhibition of HGFR signalling decreased brain meta stasis in an EGFRmutant cell population. 126 Furthermore, PGF levels and associated triggering of VEGFR1 acti vation were shown to be increased in CNS metastases in patients with SCLC, the most aggressive lung cancer subtype. 127 These proteins and signalling pathways thus represent promising therapeutic targets in brain meta stasis, and deserve further exploration in this capacity (Figure 1) .
Clinical specimens of CNS metastases and mouse models of CNS metastasis have revealed other genes associated with an invasive lung cancer cell phenotype. For example, the transcription factors LEF1 and HOXB9 are associated with metastasis of lung cancer cells to the brain (Figure 1) . 128 In addition, geneexpression analysis in tissue from 142 NSCLC tumours demonstrated that expression of three genes, encoding cadherin2 (also known as Ncadherin; CDH2), kinesinlike protein KIFC1 (KIFC1) and nucleosomeremodeling factor subunit BPTF (BPTF), was predictive of a high risk of brain meta stasis. 129 Phosphorylated insulinlike growth factor1 receptor (IGF1R) was also associated with brain metastasis and poor prognosis. 130 Studies have also provided insights into the potential mechanism of cell homing to, and infiltration of, the brain, which could represent another therapeutic avenue to explore (Figure 1 ). In particular, CXCmotif chemokine receptor 4 (CXCR4) was found to be expressed in 90% and 100% of samples isolated from primary tumours and brain metastases, respectively, in 32 patients with NSCLC and a solitary brain metastasis; 131 this frequency of CXCR4 expression was markedly increased compared with tissue samples from NSCLC without metastatic brain tumours or other distant metasta ses. 131 A sepa rate study identified a subclone of EBC1 cells with sub stantially higher levels of integrin α3 expression and an increased capacity for brain metastasis compared with parental EBC1 cell line or EBC1 cells that meta stasized to bone.
132 ADAM9 mRNA, encoding disintegrin and metallo proteinase domaincontaining protein 9, was also found to be overexpressed in EBC1 cell lines that d emonstrate enhanced brain metastasis. 133 
Cytotoxic chemotherapy
Prior studies of traditional systemic chemotherapy agents showed encouraging therapeutic activity in lungcancer associated brain metastasis, especially in asymptomatic patients, often enabling avoidance of local inter vention with surgery and radiation. 134, 135 Similarly, salvage therapy with cytotoxic chemotherapeutic agents owing to progression of disease after radiation therapy or sur gical resection was also associated with clinical benefit, albeit modest. 135 Temozolomide monotherapy is one of the most actively studied approaches for the treatment of brain metastasis in lung cancer, primarily owing to the high BBB penetrability of this drug. Whether as a monotherapy or in combination with radiation, the use of temozolomide achieved objective responses in approximately 5% and >60% of patients with brain metastasis, respectively, with median survival ranging between 4 and 9 months. 135 Furthermore, temozolo mide monotherapy was reported to induce objectively measured tumour shrinkage in patients with relapsed metastatic SCLC after prior treatment with one or two chemotherapy regimens. 136 Interestingly, the therapeu tic benefit of temozolomide in these patients was associ ated with MGMT hypermethylation in the tumour. 136 This observation indicates the potential value of this molecular change to predict responsiveness of SCLC to temozolomide, owing to reduced MGMT gene expres sion and thus a decrease in the ability of the tumour cells to repair alkylationinduced DNA damage. This prelimi nary observation requires further validation. Aside from temozolomide monotherapy, combination chemotherapy regimens, such as carboplatin with paclitaxel, cisplatin with vinorelbine, or carboplatin with etoposide, have all been shown to induce objectively measured responses of metastatic brain lesions in approximately 20-45% of patients with lung cancer. [137] [138] [139] EGFR inhibitor therapy Erlotinib, gefitinib and afatinib are EGFR inhibitors cur rently approved in different parts of the world for the treatment of NSCLCs harbouring sensitizing mutations in the EGFR gene. In addition, orally administered gefi tinib successfully controlled established intra cerebral tumours derived from EGFRexpressing epidermoid cancers. 140 However, clinical evidence for efficacy of these agents in tumours affecting the CNS comes mainly from retrospective observational studies and caseseries. [140] [141] [142] [143] [144] In general, EGFRtargeting agents have a low capacity to penetrate into the cerebrospinal fluid (CSF), although erlotinib achieved a relatively higher level of CNS penetration, which might in part explain the improved control of brain metastasis that has been observed after erlotinib treatment, even in patients pre viously treated with gefitinib (Table 1) . 145 Nonetheless, the multitude of reports of patients who derived a sub stantial benefit of treatment with EGFRtargeted therapy, with control of brain metastases, [141] [142] [143] [144] eventually justified evaluation of this approach in larger caseseries and pro spective studies. Indeed, highdose erlotinib (1,500 mg weekly) was associated with a partial control of CNS metastases and stable disease in 67% and 11% of patients, respectively, in a retrospective series of nine individuals with EGFRmutant lung cancer (Table 1) ; 144 the median time to progression of CNS metastases was 2.7 months (range, 0.8-14.5 months), and the median overall sur vival was 12 months (range, 2.5 months to outcome not reached). 144 Furthermore, the use of EGFR kinase inhibitors rather than chemotherapy as frontline therapy of EGFRmutant lung cancer also reduced the cumula tive incidence of progressive CNS metastasis (HR = 0.56; 95% CI = 0.34-0.94): 6month, 12month and 24month cumulative risk of CNS metastasis was 1%, 6%, and 21%, respectively, in patients treated with EGFRtargeted agents compared with 7%, 19% and 32%, respectively, in those who received chemotherapy (P = 0.026). 146 Prospective studies testing the efficacy of EGFR targeted agents in the treatment of brain metastasis have been mostly nonrandomized singlearm phase II studies. One such study evaluated the role of erlotinib as a radiosensitizing agent in 40 patients with brain meta stasis arising from lung cancer irrespective of the EGFR status of the tumour, and demonstrated the safety of this approach and a disease control rate of >80% (Table 1) . 93 Likewise, an EGFR mutation was detected in 53% of tumours with tissue available for testing, 93 which is a high proportion when compared with the expected rate of EGFR mutation in Western populations of patients with lung cancer, suggesting that EGFR mutations can confer increased propensity for brain involvement. Interestingly, objective response was achieved in 67% of patients treated with a combination of radiation therapy and erlo tinib, and disease stabili zation was observed in 11% of all enrolled patients. Although only an indirect compari son of these data is possible, this efficacy outcome was superior to historical experience with radiation therapy alone. Other studies that have published important find ings regarding EGFRtargeted therapies are summarized in Table 1 . Together these findings clearly warrant pro spective validation in a randomized study to establish this approach as a standard treatment paradigm for brain metastasis in patients with EGFRmutant lung cancer.
ALK-targeted agents
The EML4-ALK translocation is a genetic aberration that affects approximately 3-5% of all NSCLC. Of note, up to 30% of patients with ALKpositive lung cancer have been shown to develop brain metastasis. 147 The ALK targeting agent crizotinib is the first approved agent for the treatment of ALKpositive NSCLC, 148, 149 although newer agents with promising efficacy profiles, including LDK378 and AP26113 (Figure 1) , 150, 151 are currently in clinical testing. Despite reports indicating poor penetra tion of crizotinib into the CSF, 152 patients treated with ALKtargeted agents have frequently shown clinical response in the brain, 148, 150 suggesting a potential role for these agents in the treatment of brain metastasis. Crizotinib is a substrate for the ATPbinding cassette (ABC) drug efflux transporters, multidrug resistance protein 1 (also known as Pglycoprotein or ABC sub family B member 1 [ABCG2]) and ABC subfamily G member 2 (ABCG2; also known as breast cancer resist ance protein), which provides a potential reason for wide variability and overall poor accumulation of the drug in the brain. 152 In support of this theory, ABCB1
-/-and ABCG2 -/-mice had a 25-70fold higher brain con centration following oral administration of crizotinib compared with wildtype mice. 152 Similar results were obtained when crizotinib was administered along with elacridar, an inhibitor of these efflux pumps. 153 These preclinical data, together with clinical evidence of intra cranial efficacy of crizotinib and other structurally similar ALKtargeted agents, [154] [155] [156] indicates the potential utility of this class of agents for the treatment of brain metastasis of ALKpositive lung cancer. Potential strat egies for incorporating ALKinhibitor therapy might include combination of these agents with established surgical and radiation treatment approaches to improve outcome of symptomatic patients, or ALKinhibitor monotherapy in lieu of surgical and radiation modalities in asymptomatic patients with smallvolume disease.
Brain metastases in breast cancer
Background clinical biology
The pattern of metastatic spread to distant sites has been shown to vary according to the breast cancer subtype (luminal A, luminal B, basallike and HER2enriched subtypes). 157, 158 These molecular subtypes were ini tially identified by geneexpression profiling; however, an immunohistochemical (IHC) surrogate using the oestro gen receptor (ER), progesterone receptor (PR) and HER2, and other microarray assays have been utilized in determining the molecular subtype of breast tumours. 159 Studies have revealed that basallike and HER2positive tumours are more likely to recur in the CNS. 160 The timing of brain metastases also varies, with basallike and triplenegative (that is, tumours negative for ER, PR and HER2 expression) tumours associated with higher rates of first recurrence in brain metastases. 161 Median survival following the development of brain metastases is approximately 5-6 months across all breast cancer subtypes; 162, 163 however, retrospective studies have shown that median survival is shortest among patients with triplenegative tumours, ranging from 3-4 months. 163, 164 Although patients with HER2positive disease have higher rates of brain metastases, median survival is much longer, typically >1 year. 163, 165 This finding might be due in part to the availability of effective HER2directed sys temic therapy for these patients. Discordance in ER, PR and HER2 status has been observed between the primary tumour and distant metastatic sites in 10-16% of patients with metastatic disease. 166, 167 Therefore, although biopsy of brain metastases might not be feasible, biopsy of other distant metastatic sites for confirmation of receptor status should be strongly considered to provide impor tant prognostic information that could have a potential influence on treatment recommendations.
As well as mutations affecting the receptors described above, several other genetic changes have been impli cated in the development of brain metastasis in patients with primary breast tumours. The sialyltrans ferase ST6GalNAc5, which is normally expressed in the brain, can be observed in breast cancers and associ ated brain metastases (Figure 1) , highlighting the poten tial of brainspecific genes to facilitate CNS homing and colonization. 32 In addition, p53 overexpression, 168 eleva ted serum lactate dehydrogenase levels 169 and a high Ki67 labelling index 170, 171 are reported CNS metastasis risk factors in breast cancer. Positivity for hexokinase 2 115 or Forkhead box protein C1 (FOXC1) 172 expression is also associated with a higher incidence of brain meta stases and poor patient survival in patients with breast cancer. Xenograft models of breastcancerassociated brain metastasis have also implicated α v β 3 integrins 173 and activation of Notch pathway signalling in this process. 174 Furthermore, Zhang et al. 175 demonstrated Src hyper activation in a model of HER2positive brain metastasis. IGF1R expression in cancer cells has also been associated with CNS meta stasis, and ablation of this receptor delayed m etastasis in experimental models. 176 Emerging experimental approaches highlight potential opportunity to target some of these metastasis mediators using systemic approaches to prevent the development of brain metastasis in atrisk patients. For example, in a mouse model of metastatic breast cancer, treatment with pazopanib, a multikinase inhibitor, 3 days after injection of human ERBB2transfected breast cancer cell lines markedly reduced the development of both macrometastases and micrometastases by 73% and 39%, respectively. 114 As expected based on observed inhib ition of MEK and ERK activation by pazopanib in vitro, despite BRAF and KRAS mutations, reduced activation of the BRAF targets, ERK1/2 and MEK1/2 was seen in metastatic tumours after pazopanib treatment, whereas no change in microvessel density was demonstrated compared with vehicletreated controls. 114 Similarly, treatment of mice injected with a brain trophic 231BR subline of the triplenegative MDAMB231 breast cancer cell line using vorinostat, a histone deacety lase inhibitor, prevented the development of brain meta stasis, in part, through induction of lethal DNA doublestrand breaks. 177 As these therapeutic agents are already in clini cal use, testing of this therapeutic concept is likely to ensue once the molecular and genetic features of brain trophic cancer cells are better characterized.
Cytotoxic chemotherapy
Among patients with locally advanced and metastatic breast cancer, approximately 15-30% will develop brain metastases during the course of the disease. 6, 178 Several cytotoxic chemotherapies and targeted agents have been evaluated in clinical trials for the management of breast cancer brain metastasis. Temozolomide, the orally administered alkylating agent approved for treatment of primary brain tumours, has been investigated as a mono therapy and in combination with other cytotoxic agents. Objective CNS response rates after temozolomide mono therapy have been shown to be low (<5%), and median progressionfree survival (PFS) was approximately 2 months. 179, 180 An evaluation of combination therapy comprising vinorelbine and temozolomide in patients with recurrent or progressive CNS disease showed similar results, with a transient, minor response in 1 of the 11 patients with breast cancer who were treated with this regimen. 181 In a phase II study, 182 the combination of cisplatin and temozolomide for the treatment of all solid tumours was associated with a 40% (6 of 15) partial CNS response rate among the patients with breast cancer who were enrolled.
The use of capecitabine, an inhibitor of DNA syn thesis, as a monotherapy has been reported in the treatment of brain metastases associated with breast cancer. 183, 184 One report of a single institution experience 183 in seven patients with breast cancer showed that three achieved complete response and another three experienced pro longed stable disease with capecitabine monotherapy; the median overall survival and PFS intervals were 13 and 8 months, respectively. 183 Furthermore, the combina tion of capecitabine and temozolomide demon strated an 18% response rate with a median time to progression of 12 weeks. 185 Capecitabine in combination with lapatinib produced CNS response rates ranging from 20% to 38% among patients with HER2positive breast cancer and brain metastases who had been heavily pretreated; lapa tinib alone showed minimal activity in such patients. [186] [187] [188] [189] [190] The combination of lapatinib and capecitabine has also been studied in patients with previously untreated HER2positive breast cancer and brain metastases, and was associated with CNS objective response in approxi mately twothirds of these individuals. 191 Although these results are promising, randomized trials comparing this combination to radiation therapy will be needed before recommending this as firstline therapy for patients with HER2positive breast cancer with brain metastases.
Novel systemic agents
The ideal chemotherapeutic agent for the treatment of brain metastasis in breast cancer would have activity against breast cancer and BBB permeability. GRN1005 is a peptide-taxane conjugate that gains entry into the CNS by targeting the lowdensity lipoprotein receptor related protein 1, which is an endocytic receptor expressed on the surface of the BBB. On the basis of promising phase I data for this approach, a phase II trial in patients with breastcancerassociated brain meta stases was initi ated; however, interim analysis of the first 30 patients did not show any CNS responses, 192 and the develop ment of GRN1005 was discontinued. TPI287 is a third generation taxane microtubuledisrupting chemo therapeutic agent (Figure 1) , which has been shown to reduce the growth of breast cancer brain metastases in preclinical models; 193 a phase II clinical trial with this agent is ongoing in patients with breast cancer and brain metastases.
194
The HER2directed TKIs neratinib and afatinib (Figure 1 ) are currently being evaluated in clinical trials to establish the activity of these drugs in CNS disease. 195, 196 Furthermore, a subset analysis of 58 Korean patients with brain metastasis treated as part of an expanded access programme with the combination of lapatinib and capecitabine demonstrated a PFS of 18.7 weeks and overall survival of 48.9 weeks ( Table 2) . 197 Similar efficacy signal was reported from a retro spective analysis of Asian patients with brain metastasis who receive lapatinib or trastuzumab;
198 a marked benefit was observed in patients treated with either of these anti HER2 agents, with p rolonged overall survival (26 month versus 6 months). 198 In addition, therapies targeting other kinases are being examined in this context. For example, several agents targeting angiogenesis are under investigation, including bevacizumab and sorafenib, a TKI targeting multiple receptors that mediate various aspects of cancer progression, such as angiogenesis and cell prolifera tion. 199, 200 Everolimus, an inhibitor of mTOR (Figure 1 ), in combi nation with exemestane was approved by the FDA for treatment of breast cancers positive for hormone receptors but negative for HER2 based on improved PFS associ ated with this approach. 201 CNS responses to everolimus have been observed among patients with subependymal giant cell astrocytoma, 202 and a study evaluating the combination of vinorelbine, trastuzu mab and everolimus in patients with HER2positive brain metastases is ongoing. In addition, shrinkage of CNS metastases in one patient treated with the PI3K inhibitor BKM120 in a phase I clinical trial 203 has stimu lated interest in evaluating agents targeting this kinase in patients with m etastatic breast cancer involving the brain.
With regard to approaches targeting proteins other than kinases, synthetic lethality resulting from abro gation of the poly[ADPribose] polymerase (PARP) enzyme in vulnerable tumours that harbour defi cient DNA repair machinery, such as BRCA1/2deficient tumours, is another therapeutic paradigm under intense clinical investigation (Figure 1) . Indeed, objective res ponses were observed in patients with BRCAdeficient ovarian and breast cancer treated with PARP inhibitor monotherapy (using olaparib). 204 Similarly, combina tion of a PARP inhibitor (iniparib) with DNAdamaging cytotoxic agents (gemcitabine and carboplatin) initially showed intriguing efficacy, but a followup phase III study was negative. 205 Further studies are required to assess the relevance of these approaches to the treat ment of brain metastases. Given that ionizing radiation induces tumour cell death in part through DNA damage, interest has increased regarding the possible potentiation of radiation therapy when combined with PARP inhib ition. A singlearm phase II study is currently testing whether the addition of the PARP inhibitor veliparib to WBRT is a safe and efficacious treatment approach in patients with brain metastasis; preliminary data from this study showed that the c ombination is safe, but the efficacy outcome is still awaited.
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Melanoma-associated brain metastasis
Background clinical biology
Melanomas account for 5-20% of primary tumours associated with CNS metastatic lesions. 19 Indeed, brain metastases are common in melanoma and are the leading cause of death in metastatic melanoma. 207 Although mela noma is known to have the capacity to metastasize to virtually every organ site in the body, brain metastases pose a particular therapeutic challenge because of the multiplicity of metastases, the lack of resectability of iso lated or diffuse metastasis, radiation resistance and poor perfusion of therapeutic agents into brain metastases.
Whereas melanoma metastasis in the brain can be multifocal, these metastases appear morphologically different compared with multifocal primary glioblasto mas in that they are often less invasive, and mediate their deleterious effect through mass effect and peri tumoral oedema. In terms of signalling, the most consistent event noted in brain metastases of melanoma is hyper activation of the Akt cascade (Figure 1) . 208 Activation of Akt alone is sufficient to convert poorly tumourigenic melanoma cells to highly tumourigenic cells; 209 thus, that Akt is activated in these metastases is unsurpris ing. Interactions between glial cells, which are part of the tumour stroma in brain metastases, are likely to acti vate Akt in the metastatic lesion. Akt activation can be dependent or independent of reactive oxygen species (ROS)mediated signalling, although the combination of Akt and ROS activity is associated with local inva sive growth, as in primary glioblastoma. 210 One mecha nism by which Akt signalling can be activated by ROS is through oxidative inactivation of PTEN, which is a redoxsensitive lipid phosphatase, 211 and low levels of PTEN have been noted in both melanoma and brain metastases. 208 Alternatively, PTEN is often deleted or mutated as a second mechanism of inactivation in such tumours. 208 Interestingly, blockade of ROS signalling has also been demonstrated to block local invasion of glioblastoma in vivo. 212 Studies have also demonstrated a high propensity for activating mutations in BRAF and/or NRAS to cause brain metastasis in melanomas. 208 Indeed, these abnormal ities represent the two most common subsets of oncogenic mutations in melanoma, although sur vival of patients with brain metastases does not seem to substantially differ according to mutation status of these genes. 208 The most reliable prognostic factor in terms of overall survival in brain metastasis resulting from melanoma is an immune signature characterized by infiltration of T lymphocytes, especially CD8 + T cells, which is associated with improved longterm survival. 213 Other genes associated with CNS metastases derived from primary melanomas are RHOC 214, 215 and MMP9, 216 both of which are associated with tumour cell invasion. VEGFA [217] [218] [219] and STAT3, 220 which have roles in angio genesis and cell growth, respectively, are also associated with advanced melanoma and metastasis (Figure 1 ).
Immunomodulatory therapy
The optimal treatment of brain metastasis related to mela noma is surgery, a point worth emphasizing; however, this approach might not be feasible in some cases given the location or multiplicity of lesions. In patients with small numbers of metastasis, SRS has been used, com monly with localized delivery of high doses of radiation (up to 24 Gy for large lesions), to overcome the ability of melanomas to resist doublestranded DNA breaks. 221 The CTLA4 immune checkpoint modulator, ipili mumab (Figure 1) , has also been evaluated in a clinical trial that enrolled both steroidnaive and steroid treated patients with melanoma and brain meta stasis (Table 3) . 222 Although no complete responses were observed in this trial, partial responses were achieved by patients in both the steroidnaive and steriodexposed cohorts. 222 In addi tion, followup therapy with this immunomodulatory agent is associated with occasional dramatic responses, not only at the site of radiation therapy but at distant sites as well. This phenom enon is known as the abscopal effect, and is thought to occur as a result of radiationinduced unmasking of tumour antigens that invokes an immuno stimulatory effect. 223, 224 The clinical data thus suggests that immune control has an important influence on the prognosis of brain metastases and thera peutic measures that affect immune p resentation might be beneficial in improving longterm survival.
Targeted molecular therapy
For several years, the mainstay of therapy for brain metastasis from a chemotherapeutic standpoint has been temozolomide. Subsequent to the discovery of BRAF mutations in a majority of melanomas, BRAF inhibi tors have been increasingly used to treat this disease, as well as associated brain metastases (Figure 1 ). Initial evidence of the potential promise of BRAFtargeted agents in the clinical management of melanomarelated brain metastasis came from early phase clinical trials. In seven patients with brain metastases, a BRAF inhibitor induced CNS tumour shrinkage, and complete responses were observed in three patients. 19 In a phase I trial, in which the majority of patients had BRAFmutant mela nomas, in addition to other BRAF mutant tumours, dabrafenib treatment was associated with a reduction in the size of brain lesions, and four patients achieved complete resolution of all brain lesions; 225 normal serum lactate dehydro genase levels seemed to be a predictor of response to dabrafenib. 225 The intriguing observation of intra cranial responses to dabrafenib in this phase I trial led to a prospective openlabel phase II trial of dabrafenib in patients with previously untreated brain metastasis or with progressive brain lesions follow ing initial local treatment (Table 3) . 226 Overall disease control in patients with metastases expressing Val600Glu (V600E) BRAF was 79%, but complete responses were rare, and the efficacy of this compound was generally decreased in the tumours with the Val600Lys (V600K) BRAF mutation subtype. 226 BRAF inhibitors, such as dabrafenib and vemura fenib, are often combined in sequence with radiation therapy and/or immunotherapy. The optimal sequencing of these agents with immunothterapy and radiation therapy remains a subject of intense study; however, an emerging consensus seems to favour the initial use of the BRAF inhibitors (either alone or combined with a MEK inhibi tor; Figure 1 ) for rapid tumour debulking, especial ly in patients with extensive or rapidly progressive disease, to achieve rapid symptom resolution and control of disease. 227 Importantly, BRAF inhibition is presumed to increase the antigenicity of melanoma cells, and the above mentioned abscopal effect has also been observed in patients who have received sequential therapies, including those involving BRAF inhibition, stereotactic radi ation and/or immunotherapy. 227, 228 In patients with limited disease burdens, or those who have asymptomatic brain metastases, immunotherapy (IL2, CTLA4blockade with ipilimumab, or investigational antibodies targeting programmed cell death protein 1 or its ligand) is the pre ferred frontline therapeutic option. 227 The immunomodu latory approach induces a slow but durable response that can be followed by BRAF inhibition. 227 Nevertheless, determination of the optimal strategy for incorporating targeted therapies into cytoreductive strategies based on surgery and/or radiation therapy in patients with bulky, symptomatic brain metastasis should be the specific objective of future prospective studies.
Future perspectives
The main issue preventing the development of new and novel approaches to the management of brain meta stases is that our understanding of the biology of meta static disease of the brain is generally advancing at a slow pace. This slow progress limits the ability to take advantage of the currently available therapies, and the development of alternate therapies takes more time. This problem is currently apparent in the daily oncology practice, where the use of targeted and biological therapies for brain metastasis is relatively uncommon for the prac tical reason that few meaningful agents are available for the treatment of cases that are commonly observed therein; furthermore, access to such agents is limited by the rigorous requirements neces sary for safe conduct of clinical trials, most of which exclude patients with active brain metastases. However, a large proportion of research effort and funding is being directed at resolving this problem, which is not surprising given the relatively high frequency of metastatic tumours affecting the brain, compared with primary cerebral neoplasms. At present, >300 clinical studies relating to therapy for meta static brain tumours are listed on the ClinicalTrials.gov data base. Thus, private and govern mental funding organi zations recognize the importance of the limitations facing the treatment of brain metasta ses. Now, clinicians involved in the manage ment of such individuals have the responsibility to ensure their patients have access to these studies to generate the data necessary to establish the efficacy of these novel therapies.
From a broader perspective, work being conducted by The Cancer Genome Atlas to elucidate gene expression profiles in various cancers will provide data on tumour biology, enabling the understanding of which cancers are more likely to metastasize to the brain, and why. 214, 215 These efforts are laying the ground work for potential primary prevention of brain metastasis and, more pre cisely, future targeted therapeutics for the treatment of metastatic disease. 229, 230 In addition, microRNA and even exosomal analysis might enable bloodbased screening protocols to determine response to therapy and genetic profiling of metastatic disease, potentially obviating the need for invasive b iopsies for tissue analyses.
Conclusions
Surgery and radiation therapy have important roles in the management of metastatic brain tumours and, depending on one's definition, could be considered tar geted therapies. As such, they remain the 'go to' modali ties for the treatment of most metastatic brain tumours, particularly at the time of initial diagnosis. However, these inter ventions are responsible for wellrecognized and substantial adverse events in some cases. Effective strategies to minimize these problems would be of great advantage to the patients with metastatic CNS lesions. The achievable technical improvements possible in surgical and radiation techniques are limited and ulti mately medicinal means of management, probably relying on novel systemic targeted therapies, will be necessary to attain this goal and to improve outcomes in patients with brain metastases.
Promising forays into the use of systemically admin istered, biologically targeted agents, based on improved understanding of tumour molecular biology, include relatively low frequency but impactful responses of EGFRmutant lung tumours to agents such as erlotinib. Encouragement also comes from the response to crizo tinib in NSCLC with the EML4-ALK translocations, and especially to second generation ALK inhibitors such as LDK378. In addition, efficacy has been observed with the combination of trastuzumab and lapatinib in HER2 positive breast cancer, resulting in some control of CNS metastasis in patients with this disease. Finally, consid erable hope can be garnered from the durable control of intracranial melanoma metastasis after treatment with dabrafenib and vemura fenib, potent inhibitors of BRAF mutant melanoma cell function, and the immunomodu latory agent ipilimumab, in particular, in smallvolume tumour deposits.
Future therapies for brain metastases will involve a comprehensive approach, utilizing a wealth of resources and adjuncts that are available or in development for the manage ment of patients with metastatic brain disease. Going forward, we can expect that these treatments will rely upon more powerful imaging technologies, the development of conceptually targeted treatments and more multi modal, minimally invasive procedures, with the intention of m aximizing survival and quality of life in our patients.
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